Wireless communication systems have gained considerable growth rate nowadays, with the anticipation that communications will be available everywhere and anywhere in the near future. Phased array antenna whose beam steering is fixed in an angle for all range cells has been utilized for wireless communications. To mitigate this problem, a new array concept, namely, frequency diverse array (FDA), was proposed. is paper presents how FDA technology could be useful in today's wireless communication technology. FDA is distinct from phased array in a sense that it employs frequency increment across array elements. e use of a frequency increment creates a beam steering that is a function of angle, time, and range which allows the FDA antenna to transmit the energy along the prespecified range and angle direction. In addition, we consider the time-variant beampattern aspect of an FDA, which has normally been ignored in the literature. In this study, we present the mathematical fundamentals of FDA antenna and why it could be exploited for wireless communication systems. Furthermore, FDA using Butler matrix for communication has been discussed. Performance analysis in terms of transmit beampattern, signal-to-interference-and-noise ratio (SINR), and direction of arrival has been presented and compared with that of phased array antenna.
Introduction
Wireless communication systems have become very promising than their counterpart wired communication due to their merits [1] , and this has attracted a huge demand on wireless technology, hence the explosive rate in many technical fields.
e proposed fifth generation (5G) of wireless cellular communication systems is envisaged to be available by 2020 [2] . Besides, antenna array applications have been put forward in recent years for wireless communications systems. e array antennas' advantages can be summarized as (1) increasing channel capacity and spectrum efficiency, (2) extending range coverage, (3) tailoring beam shape, (4) steering multiple beams to track many mobiles, and (5) compensating aperture distortion electronically. In addition, they reduce multipath fading and cancel cochannel interferences, BER, and outage probability [3, 4] .
An array of antennas works on the principle that the desired signal and unwanted signal (cochannel interferences) arrive from diverse directions. erefore, the beampattern could be adjusted by combining signals from the array antennas with appropriate weighting factor to suit the requirements. Antennas can be classified as omnidirectional, directional, phased array, and frequency diverse array. Phased array antennas have been employed in many applications, for example, in radar systems, electronic warfare, radio astronomy, and airport safety and communications [5] . Phased array antennas have the capability to steer the beam electronically with high directivity. e offered directional gain is beneficial for detecting mobile users, tracking users, and suppressing sidelobe interferences from other directions [6] . Although phased arrays have several advantages, some of their drawbacks in many applications are as follows: (1) One of the major disadvantage is their high manufacturing cost. A more directed beam requires a greater number of antenna elements and electronic phase shifters, which are quite expensive [7] . (2) In phased arrays, exceeding interelement distance beyond half wavelength results in the appearance of
Mathematical Formulation of FDA Antenna
In a standard phased array, it is assumed that identical transmitted signal is emitted from the individual array element, excluding the amplitudes and phases.
e FDA antenna, which is di erent from phased arrays, can be excited by the same signal or di erent signals. For simplicity and without loss of validity, we assume that the waveforms radiated from each FDA antenna element are identical with a frequency increment or o sets Δf and element spacing d.
Consider a number of FDA antenna elements, M, as shown in Figure 1 , and the radiation frequency of each element can be given by [19] .
where f 0 denotes the radar operating carrier frequency. And the phase of the signal transmitted by the rst antenna element can be written as
where c is the speed of light, r 1 denotes the distance between the rst element and the observed point target. Similarly, the phase of the signal transmitted by the second element can be expressed as
e phase di erence between the signals arriving at the rst and second elements, respectively, is given in (4)
Similarly, (5) is the phase di erence between the rst and the mth element;
where θ denotes the angle direction of the target, r m ≈ r − (m − 1)dsin θ is the di erence between individual elements approximation with r r 1 being the slant range of the rst element. Note that the rst term in (5) is simply the conventional array factor seen in the array theory. e last term is of signi cance since it shows that the radiation beampattern of the array depends on both the range and frequency increment. It should be noted that the FDA antenna is di erent from conventional frequency scanning arrays. Frequency scanned arrays employ the frequency increment as a function of time for all elements, while the FDA antenna applies the frequency increment as a function of the elements. Taking the rst element as the reference for the array, the steering vector of the FDA antenna is expressed as in (6), with r denoting the slant range of the rst element,
where
with ⊙ denoting the Hadamard product and (·) T being the transpose operator.
e following summarized FDA antenna characteristics [19, 21] :
(1) If the frequency increment Δf is xed, the beam direction is a function of range r dependent. Hence, the FDA antenna is rather di erent from phased arrays. It is a new array concept and novel beam scanning technique. e range-dependent and frequency o set-dependent beamforming is of great importance because it can achieve local maxima at di erent ranges as this may provide many promising application potentials in wireless communication systems in future.
Assume the following parameters: M 10, Δf 30 kHz, f 0 10 GHz, and d (1/2)λ, in Figure 2 , we show the transmit beampattern of the conventional FDA antenna, and phased array antenna.
It can be noticed that in Figure 2 (a), the conventional FDA yields range-angle-dependent beampattern, and Figure 2 (b) depicts the phased array antenna which yields only angledependent beampattern with no range-dependent capability.
Why FDA Could Be Used for Wireless Communication Systems
According [19] , the maximum eld can be obtained as
From (8), it is clear that there are multiple solutions for the un xed variables, when only one variable is xed. Moreover, when two variables are xed, the periodicity array pattern depends on the un xed variable. For instance, if (8) is solved for the following variables t, r, and θ, we can express as follows: Figure 3 illustrates the array factor periodicity of FDA antenna using (9) . Now it is evident that FDA antenna has autoscanning property [29] which is a unique property that could be exploited for wireless communication systems application, for instance at the base station and communication devices.
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Range and Angle Estimation of Mobile Targets/Users.
As noted already, FDA provides range-dependent beampattern. erefore, it has the capability of suppressing rangedependent interferences. For instance, Figure 4 shows comparative transmit beampattern in suppressing rangedependent interferences. It can be noticed that in Figure 4 (a), the FDA beampattern can identify the target (30 km, 40°) and suppress the interferences, for example, (50 km, 40°) and (20 km, 40°), e ectively due to the frequency o sets employed, whereas the phased array beampattern (Figure 4(b) ) cannot e ectively identify the target and interferences. Nevertheless, due to coupling range and angle peaks in the beamformer output, FDA antenna cannot estimate the range and angle of a target solely. It should be noted that the range-angle response can be decoupled as depicted in Figure 5 .
Security for Wireless Communication Systems.
One of the major issues in wireless communication systems is security, because of the broadcasting nature of wireless signals.
erefore, any receiver is able to have a copy of the transmitted signal, making the activities of the eavesdroppers much easier compared to wired communication [32] .
e work done by Wyner [33] created the concept of physical-layer security. e fundamental principle behind physical-layer security is to exploit the normal randomness of wireless communication channels to ensure that the information to the desired destination is secured, and at the same time, this information cannot be extracted by an undesired receiver [34] . Physical-layer security can be implemented by employing various techniques [35] such as beam-steering and jamming. In beam-steering techniques, the transmitter steers the mainlobe along the desired direction, and steer the null towards the undesired direction [36] [37] [38] . As stated before, by employing the frequency o sets, the apparent scan angle is not equal to its nominal scan angle as well as the actual beam-steering direction cannot be e ectively predicted as phased array antenna; hence, this property can be utilized to suppress interferences, avoid transmitting the signals to some undesired regions, and design low probability of interception required for physical-layer security in wireless communication systems [27] . Figure 6 shows the illustration of FDA antenna's apparent direction angle and physical direction angle. 
where a m is the transmitting weightings and ϕ denotes the phase di erence between two elements. At the receiving side, suppose the incoming signal is a continuous signal, s(t) exp(j2πf 0 t), then FDA far-eld array pattern is expressed as in (11) [40] .
where a n is the receiving weightings, τ n nT d , where T d is the interelement delay. It should be noted that, in communication systems, two moving platforms with relative velocity v r , the Doppler frequency shift f d at the receiver is f d v r f 0 /c. Note that herein, equal Doppler frequency shift is adopted for the individual array element. Based on approximation, the distance from the far-eld observation point to the nth array element is R r n ≃ R r 0 − ndsinθ with R r 0 denoting the distance from the point to the rst receiving element. Also in amplitude sense, we can have R r n ≃ R r 0 . Figure 7 shows the FDA antenna receiving architecture. By inspection, it can be seen that, similar to the transmitting FDA antenna (10), the receiving FDA antenna (11) also creates a range-angle-dependent beampattern.
is implies that at the receiver, beamforming range-dependent nulls are possible. It should be noted that in the FDA antenna, changing the carrier frequency and frequency increment, every point in space can be scanned in a discrete way. Moreover, if the total frequency increments are increased, some points in space can be scanned with more than one frequency component and this diversity has advantages in terms of multipath interferences.
From the literature [41] , we can jointly employ transmitting FDA and receiving FDA antennas. In addition, the concepts of combining transmitting FDA antenna and omnidirectional receiving antenna or omnidirectional transmitting antenna and receiving FDA antenna are also possible implementation. Table 1 , compares the FDA antenna and phased array antenna. And Table 2 , compares distinct FDA antenna con guration. Figure 8 depicts adaptive FDA antenna architecture whereby the gain and the phase of the signals which are induced at each array element are altered before combining in order to adjust the gain of the array in a dynamic fashion, as the system required. e adaptive system provides a way for the antenna arrays to adapt to the situation, and the adaption process is generally in uenced by the control of the system. On the other hand, an optimal FDA antenna can be exploited in such a way that the gain and phase of each antenna element are adjusted to provide an optimal performance. For instance, maximum output signal-to-interference-and-noise ratio (SINR) can be 
Adaptive/Optimal FDA Antenna Architecture.
Far-field observations
Received signal obtained by canceling unwanted interferences and receiving the desired signal without distortion by adjusting the gains and phases of each FDA antenna element.
FDA Transmitter Scheme Using Butler
Matrix for Wireless Communication Figure 9 shows a block diagram of two-dimensional (2-D) (i.e., range and angle) half wavelength spaced FDA antenna using a 4 × 4 Butler matrix [42] [43] [44] for wireless communication. We employ four FDA elements with carrier frequencies connected at the outport of a 4 × 4 Butler matrix, namely, f 0 , f 0 + Δf, f 0 + 2Δf, and f 0 + 3Δf, respectively, where f 0 is the carrier frequency and Δf being the frequency increment across the array element. e basic principle is that, when Port 1 is excited, it goes through the signal path, A-B-C-D to f 0 , with phase shift of 135°. Similarly, a phase shift of 90°is obtained between Port 1 and f 0 + Δf using the signal path A-B-C-E and so forth. Note that, since we employ a 4 × 4 Butler matrix, the FDA elements has been set to four. e phase differences of a 4 × 4 Butler matrix are ± 45°for the output ports 1 and 4, and ± 135°for the output ports 2 and 3, respectively [45] .
Here, we adopt a uniform linear frequency offset FDA antenna as depicted in Figure 1 . e transfer function from the nth input port to the mth output port of the 4 × 4 Butler matrix is given as [46] .
And the far-field radiation pattern of the nth Butler matrix input port excitation can be obtained by (13) .
is implies that the main beam pointing direction depends on not only the angle θ but also the range r and frequency increment Δf. From (13), the beampattern peak corresponds to 2π
And the corresponding instantaneous main beam pointing direction angle θ n can be calculated by
erefore, the instantaneous main beam pointing direction angle θ n depends on both the range r n and the frequency increment Δf, which characteristics can be exploited for directional secure communications.
Similarly, by replacing n in (13) and (15), with q, the farfield F q (θ, r) generated by the qth Butler matrix input port excitation with the instantaneous main beam pointing direction angle θ q can be acquired. It is easily verified that F n (θ q ) � 0 when n ≠ q.
is implies that F q (θ, r)'s main beam is projected along the null radiation direction of F n (θ, r). It should be noted that because of beam orthogonality property of a Butler matrix, we can have F n (θ, r)'s main beam and F q (θ, r)'s null direction. 
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In Figure 10 , we simulate the far-field radiation power pattern in angle and range dimensions for each of the four input port excitations, namely, "1," "2," "3," and "4," respectively. It is evident that the four main beams are orthogonal to each other, pointing along 41°, 76°, 104°, and 139°, respectively, in angle dimension (Figure 10(a) ), whereas in range dimension (Figure 10(b) ), the beams point along 6.2 km, 8.9 km, 11.2 km, and 13.9 km, respectively.
Performance Analysis of FDA Antenna
Signal-to-Interference-and-Noise Ratio (SINR).
In this section, we discuss the output SINR of the FDA antenna beamformer with respect to its spatial resolution (mainlobe) and interference rejection capability (sidelobe level and spectral nulls). According to [19] , the output SINR can be expressed as
where σ 2 s denotes the variance of the intended user/target signal. In case, the user (target) is being observed in the background of few weak interferences, (16) is simplified to (17) :
On the contrary, if the user (target) is observed in the background of strong interferences, then we have 
Direction of Arrival (DOA).
In array signal processing, direction of arrival (DOA) estimation, also known as angle of arrival (AOA) detection is an important concept [47] . e main objective of direction of arrival (DOA) estimation is to utilize the data received on the uplink at the base-station antenna array in order to estimate the directions of the signals from the desired mobile users and the directions of interference signals. For instance, suppose several transmitters are employed simultaneously to work, hence each source will process the potential multipath components at the receivers. erefore, it is essential for the receiving antennas to able to estimate those angles of arrival to know the possible location of transmitters and/or users.
In this paper, we resort to the classical DOA algorithm, namely, multiple signal classification (MUSIC) to resolve multipath signals DOA estimation. e MUSIC algorithm employs the covariance matrix of the received data to separate the signal subspace and noise subspace. And then it creates space scanning spectrum to search the peaks in the whole region by utilizing orthogonality between the signal directional vector and noise subspace, in order to estimate signals' DOA [47] . e MUSIC for FDA antenna can be expressed as
where V n denotes the noise subspace and a r (θ, r) is given as
with ψ r n being expressed as
Numerical Results
In this section, we use (17) and (18) to show the results of SINR as a function of SNR. Figure 11 depicts comparative performance of FDA antenna and phased array antenna in noise dominant. It can be seen that both antenna systems exhibited the same performance. But in Figure 12 , the FDA antenna shows a better SINR performance compared to phased array antenna because the FDA antenna has the capability to suppress rangedependent interferences, especially, where there are strong interferences with angle being the same but different range form the intended user.
Finally, we assume the following parameters: M � 10, SNR � 10, and number of snapshots � 100. Figure 13(a) , shows the DOA performance between the FDA antenna and phased array antenna in angle dimension. It can be observed that both FDA antenna and phased array antenna have the same DOA performances towards angle directions, such as [40°60°]. In Figure 13(b) , that is range dimension, phased array antenna lack range resolution. In contrast, the FDA antenna still has DOA performance towards the range directions, such as 8 km and 10 km which is unavailable to phased array antenna. erefore, the FDA antenna has range-dependent capability, and it can effectively identify signal sources.
7.1.
Hardware/Software Complexity Discussions. Antenna Configuration: Apart from linear array antenna configuration, different antenna geometry can be adopted in designing FDA such as planar and circular. In phased array antenna, the cost of using phase shifters is very high. In FDA, no phase shifters are required. e most important difference of FDA antenna from a phased array antenna is that a small amount of frequency increment compared to the carrier frequency is used across the array elements.
Hardware/software complexity: FDA with constant element spacing may not be an ideal configuration due to the frequency diversity. We can employ larger element spacing to reduce the array complexity. Implementation of FDA concept on array hardware may require agile local oscillators and mixers to change the frequency for each element of the array. e complex transmit-receive weighting functions of FDA depends on the baseband frequency and frequency increment. We can relax this weighting function's frequency increment dependence.
is means that spatial weighting can be factored out from the summation and applied once to the entire signal, thus reducing computation complexity.
Conclusion
In this paper, we have shown the capability of FDA antenna from its origin to the potential applications in wireless communication systems. e range-angle-dependent array factor permits the FDA antenna to transmit energy over a desired range dimension and angle dimension. Because of the range-angle-dependent property, the FDA has the potential to suppress range-dependent interference. us, this provides an extra degree of freedom unavailable to the phased array antennas. In addition, we have discussed application scenario of using FDA and Butler matrix for communication. Numerical example shows that the FDA antenna is a promising array concept for wireless communication systems. Certainly, there may be more problems to be investigated by employing FDA antenna in communication applications. We also call for more support on the research and development of FDA antenna for future wireless communication systems. 
